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Interaction of a laser beam with a transversely moving nonlinear medium has been studied both
experimentally and theoretically. With the mesophase of a nematic liquid crystal ~NLC! as the
nonlinear medium, transverse motion of the NLC at speeds of ;1 m m/s relative to the laser beam,
causes remarkable changes in its orientational state. The response of the medium to the transverse
motion is enhanced considerably in the case of threshold nonlinearity where the reorientation of the
LC takes place as a second order phase transition. The diffusive transport of light induced
perturbations of the nonlinear medium, give rise to a far field projection pattern that consist of a
system of concentric arcs. The observed phenomena can lead to potential applications for
measurement or visual sensing of motion. Alternatively it can provide a means for the
characterization of nonlinear materials. © 1998 American Institute of Physics.
@S0021-8979~98!03101-6#
I. INTRODUCTION

We study a situation that is rather unusual for nonlinear
physics, namely, transverse motion of a nonlinear material
across a laser beam. Similar situations have been encountered, particularly, in the study of convective hydrodynamic
motions in laser radiation absorbing liquids1–5 and in selfinduced thermal distortion of laser radiation by wind.6,7 The
above mentioned articles1–7 are devoted to the discussion
and observations of convection induced deformations of laser beams traversing through absorbing media. Unfortunately, the difficulties in characterizing the changes in the
laser beam and the difficulties in controlling the experimental situation prevented accurate studies of the phenomenon to
be performed. Hence the usefulness of this phenomenon for
probing both fundamental and applied physics was not understood.
Recently, we have found a particularly strong influence
of transverse motion of a liquid crystal ~LC! on its orientational interaction with a light beam.8 The effect has several
key distinguishing features due to the giant optical nonlinearity of nematic LC ~NLC!.9,10 The qualitative features of
the orientational interaction of light with LC depend on the
relative orientation of the NLC and the electric field acting
on it.11–14 Particularly, in certain geometries, there is no reorientation at optical intensities less than the threshold intensity, but above threshold, reorientation occurs as a second
order phase transition.9,15 We have explored such a situation
to study nonlinear phenomena in critical systems resulting
from moving perturbations.
In addition to the qualitatively distinct features of orientational nonlinearity, LCs are very attractive materials for
a!
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quantitative studies of nonlinear phenomena as well.
Namely, the typical constant characterizing the strength of
interaction of light with NLC is approximately ten orders of
magnitude larger than for conventional isotropic liquids and
most of solids.9,10 Second, due to large optical anisotropy of
the NLC, the phase modulation of a light beam resulting
from the reorientation of the NLC can be as large as 50p in
thin layers of materials (L;100 m m). Third, the reorientation of the NLC is characterized by rather long response
times ~of the order of seconds!. Thus, thin and transparent
layers of NLC, low power cw lasers, and straightforward
registration methods can be used for experimentation. Instead of dealing with the difficult task of generating winds or
other convective motions, in a controlled manner, we are
able to observe strong interactions by just moving the NLCcell transversely across the beam.
As it was found in Ref. 8, the sensitivity of radiationmatter interactions to the motion can be significantly higher

FIG. 1. The basic mechanism of nonlinear optical laser velocimetry. Selfphase modulation of the laser beam in the nonlinear optical material modifies the amplitude and the phase profile of the beam at the output of the
medium. The far field pattern becomes essentially asymmetric when relative
transverse motion of the material and the beam sets in.
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than that obtained by Moessbauer spectroscopy.16 By that,
our effect is due to the dynamics of nonlinear interaction,
and does not require the presence of components of the motion along the propagation direction of the light beam.
The present article is devoted to the detailed experimental and theoretical analysis of the phenomenon reported in
Ref. 8, and provides further evidence that transverse motion
of matter relative to the light beam modifies essentially their
interaction and leads to new nonlinear phenomena.
II. QUALITATIVE DISCUSSION OF THE BASIC
PRINCIPLE

A simple interpretation of the effect of motion on the
nonlinear interaction of light with matter is presented in Fig.
1. The laser beam is incident on a material that has an intensity dependent refractive index, the NLC in our case. Lightinduced modulation of the refractive index of the material
results in both phase and amplitude modulation of the output
beam. The motion of the material with respect to the beam
changes the conditions of light-matter interaction, and results
in a shift between the pattern of the refractive index modulation and the transverse intensity profile of the beam. As a
consequence, the changing self-diffraction pattern when
viewed in the far field reveals the effect of the motion.
The following simple model allows one to gain insight
into the physics of the processes under discussion. The dynamics of changes in the refractive index of nonlinear materials induced by a light beam of constant intensity follows
the exponential law d n(t)5n S @ 12exp(2t/t)#, where t is the
response time of the medium. The magnitude of n S is proportional to the intensity of radiation. Assume now that the
local change of the radiation intensity in time is the only
effect of the transverse motion on the material. Then the
changes in the refractive index n v will continue to increase
only during the time that it takes the beam to travel a distance equal to its diameter, t52w/ v ~where w is the beam
waist radius!. Therefore n v 5n S @ 12exp(22w/vt)#. The
change in the refractive index Dn v due to the change of the
state of motion depends on the speed of the motion: Dn v
;(n S t /w) h 2 e 2 h D v where h 5w/ v t . Thus, the strongest
response to the changes in the state of motion Dn v /D v is
achieved at h 52 corresponding to the speed v 0 5w/2t . The
minimal change in the speed which can still be sensed is
(D v ) min;(Dnmin /nS)v0 where Dn min is the minimum change
in the refractive index that can be measured. These results
can easily be understood physically: a smaller transverse size
of the beam and a larger relaxation time of the medium lead
to stronger spatiotemporal decoupling of the beam and the
medium for the given speed of translation. Using parameter
values typical for LC, n S 50.1, t 51s, and assuming w
51023 cm and Dn min51023 , we get (D v ) min;1026 cm/s.
III. THEORY

Let us assume that the light beam is incident at an angle
a upon the NLC cell that is homeotropically oriented. Both
the director d and the electric field vector E of the light are in
the plane of incidence (x,z), where z is chosen to be perpendicular to the plates of the cell. The laser beam is moving
relative to the NLC along the x axis with a speed v .
2
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We will make several assumptions that remarkably simplify the description of the physical processes under discussion, while maintaining the quantitative character of the final
results. Thus, assuming that the reorientation takes place in
the x,z plane, we will describe the orientation state of the
NLC by only one angle u related to the director as d
5(sin u,0,cos u). Due to the large dielectric anisotropy of the
NLC at optical frequencies, e a ;0.5, even a small reorientation of the director results in a large phase shift dF of the
beam transmitted through the cell. Thus, we expect to encounter strong phenomena in spite of linearizing the problem
over u.
In the present article, we will develop the theory for the
case of nonthreshold nonlinearity only. With a NLC as the
nonlinear material, this condition is achieved by tilting the
homogeneously ~planar or homeotropic! oriented NLC cell
with respect to the beam. Thus, the equation describing the
reorientation of a NLC in the laser beam can be written down
as9

g

S

D

]u
] 2u ] 2u ] 2u
ea
5K
~ E x E z* 1E z E *
21
21
2 1
x !,
]t
]x
]y
]z
16p
~1!

where g is the constant of orientational viscosity ~Poise!; K
is the Frank’s constant ~dyne!; E x and E z are the Cartesian
components of the complex amplitude of the electric field of
the light. The boundary conditions are set by strong anchoring imposed on the NLC molecules at the cell plates z50
and z5L. We can expand u into Fourier series and maintain
the first term of the decomposition only: u (x,y,z)
5 u m (x,y)sin(pz/L).
We will use the following expression for the intensity
distribution in the light beam:

F

u E u 2 5 u E u 20 exp 2

G

~ x2 v t ! 2 1y 2
.
w2

~2!

The above is exactly valid in the case of normal incidence. In our case, it corresponds to the approximation a
!1. Spatial variations of the optical axis of the NLC modify
the amplitude of the electric field of the light. However, this
modification does not play an essential role in the process
under discussion, and we can further assume that E x
5E cos a, E z 52E sin a. Equation ~1! can be transformed
into

F

G

] u m ] 2u m ] 2 u m
~ x 8 2 v 8 t 8 ! 2 1y 8 2
5
, ~3!
21
2 2 u m 2 j exp 2
]t8 ]x8
]y8
~ w8!2
where x 8 5x p /L, y 8 5y p /L, w 8 5w p /L, t 8 5t/ t , and t
5 g L 2 / p 2 K is the relaxation time of small perturbations of
the NLC orientation. The independence of t on the intensity
of radiation reflects the circumstance that the light intensity
is assumed to be small compared to the so-called threshold
intensity of the optical Freedericks transition. In other words,
we assume here E 2 /8p ! p 2 K/ e a L 2 ; which is the condition
of the linear response of the director reorientation to the influence of the light beam.9 The translation velocity is normalized to the ‘‘speed of relaxation’’ v u 5L/ p t : v 8 5 v / v u
5 v p t /L. The parameter j is defined as j
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FIG. 2. The profile of the NLC orientation. The maximal reorientation of the
director is shifted with respect to the axis of the beam.

5eauE0u2L2 sin a cos a/2p 4 K. With the aid of Fourier transformation, the stationary solution of Eq. ~3! can easily be
presented in the form:

u m ~ x,y,t !
52 j

~w8!
4p

F
EE

exp 2
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FIG. 3. The pattern formed at the output beam with moving LC. The arrow
indicates the direction of motion.

2

~ w8!2 2
~ p 1q 2 ! 1ip ~ x 8 2 v 8 t 8 ! 2iqy
4
11p 2 1q 2 1ip v 8

3dpdq.

G

~4!

The motion removes the symmetry over the beam axis x
5 v t and y50, thereby dragging the distribution of the director to the periphery of the beam. This shift is present in
the general expression ~4! ~] u m / ] xÞ0 at x5 v t, y50!. Figure 2 demonstrates the profile of reorientation.
IV. EXPERIMENTAL SETUP

The experimental setup consisted of a laser, a lens focusing the beam onto the NLC cell, and a motorized moving
stage for the NLC cell. We used an Ar1 laser (l
50.514 m m), the beam radius b(HWe 22 M )50.75 mm.
The beam was focused by a lens ( f 520 cm) upon a homeotropically oriented NLC layer ~NLC E7 of BDH! with a
thickness L550 m m. The motion of the stage was electronically controlled in the range of 0.5–40 mm/s with 0.1 mm/s
accuracy. The change in the divergence of the radiation and
patterns formed at the output of the NLC cell are registered
in the far field zone on a screen.
Most of the research devoted to nonlinear optical phenomena in NLC uses the typical ring pattern in the far field
zone as a measure of the magnitude of the reorientation of
the NLC;9,10 the number of rings is directly proportional to
the magnitude of the self-induced phase shift, N5 d F/2p .
One fringe is achieved at the magnitude of the NLC reorientation d Q;(l/L)(2n/ e a );1022 for n51.6 and e a 50.7.
Although counting the number of fringes is limiting the accuracy of the measurements to a phase shift of 2p, onefringe accuracy allows quantitative analysis when encountering a large total number of fringes.
J. Appl. Phys., Vol. 83, No. 1, 1 January 1998

V. EXPERIMENTAL RESULTS

When the stage is brought into motion, the divergence of
the beam and the number of rings decreases, and the pattern
is deformed. For ‘‘fast’’ enough motions, half of the pattern
on the opposite side of the motion may completely shrink
yielding a system of arcs, see Fig. 3.
In our experiment, the number of fringes depends mainly
on two parameters: the impinging power density and the
sample velocity. The features of the process are different for
the two situations specific for the orientational optical nonlinearity of the NLC: nonthreshold interaction and threshold
interaction ~equivalent to second order phase transition!.
A. Nonthreshold interaction

At a fixed power level of radiation, the number of interference fringes shrinks with increasing speed, see Fig. 4. The
minimum speed of transverse motion, that leads to a decrease of the number of fringes by one is about v min
510 m m/s. At a fixed speed, the number of fringes N increases with power P, see Fig. 5. The slope of the dependence of N on P becomes smaller with increasing speed, and
there appears to be a threshold power below which no pattern
is formed by the beam.
The strength of the effect can be characterized by the
slope of the dependence of the number of fringes on the
speed of motion, DN/D v , and on the power of radiation,
DN/D P. These parameters are functions of both the speed of
motion and the level of the incident power density. Maximal
slope of the curves N vs v are achieved at approximately v
510 m m/s, see Fig. 6~a!. This is achieved at DN/D v ;
20.2 ( m m/s) 21 for P5722 mW ~power density P
;24 kW/cm2!. The differential change in the number of
fringes with changing speed increases with increasing power
and shows a saturation in the high power limit, see Fig. 6~b!.
The dynamics of the process is presented in Fig. 7.
Tabiryan, Nersisyan, and Warenghem
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FIG. 5. The number of fringes N vs radiation power P for different values
of the speed of motion v at the nonthreshold interaction of light with NLC
( a 525°). The lines are for guiding the eyes.

tained in still NLC for the power P5527 mW ( P
;17 kW/cm2). The effect of motion is stronger near the
threshold power for the reorientation of a still NLC
P th5425 mW. The sensitivity of the light-matter interaction

FIG. 4. The influence of motion on the nonthreshold interaction of light
with NLC. ~a! The number of fringes N vs the speed of the transverse
motion v for different values of the light power: P5722 ~squares!, P
5526 ~circles!, P5375 ~triangles!, and P5195 mW ~diamonds!. The lines
are for guiding the eyes. ~b! Fit of the experimental data with the aid of both
quantitative ~solid line! and qualitative ~dashed line! theory for radiation
power P5722 and P5375 mW. The inset shows the geometry of the experiment. The incidence angle of the beam is a 525°.

B. Threshold interaction

The transverse motion has even more drastic effect in
the situation when the interaction of light with NLC has a
critical character. The threshold interaction takes place for
normal incidence of the light beam on the NLC, see the inset
in Fig. 8. Figure 8 shows the decrease in the number of
fringes with increasing speed of motion. First of all, one can
see that the sensitivity to the motion is about five times larger
than in the case of noncritical interaction, DN/D v ;
21 ( m m/s) 21 . A change in the number of fringes by one
can be observed with a speed of motion as small as 1 mm/s.
We observed changes in the divergence angle of the beam at
the output of the NLC even for smaller speeds. The total
collapse of the pattern is obtained at a speed of motion considerably smaller than that for the nonthreshold interaction.
Thus, a speed of about 8 mm/s suppresses seven fringes ob4
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FIG. 6. ~a! The slope DN/D P of the power dependence of the number of
fringes vs the speed of transverse motion for nonthreshold interaction. ~b!
The slope DN/D v of the velocity dependence of the number of fringes vs
power of radiation. The lines are for guiding the eyes.
Tabiryan, Nersisyan, and Warenghem

transverse coordinate. Then, modulation of the intensity pattern due to the relative motion of the medium and the beam
can be modeled as
I q 52I cos@ q 8 ~ x 8 2 v 8 t 8 !#
52I Re$ exp@ iq 8 ~ x 8 2 v 8 t 8 !# % ,

~5!

where I is the intensity of the individual beam.
The solution of Eq. ~3! in this case has the form

u m ~ x,t ! 52 j

FIG. 7. The dynamics of the NLC relaxation measured via registration of
the number of fringes: squares correspond to the relaxation from the state of
rest to the state of motion; dots correspond to the relaxation from the state of
motion to the state of rest. The number of fringes at the steady state is N 0
57. The incidence angle of the beam is a 525°. The lines are for guiding
the eyes.

to the motion was considerably larger when a lens of shorter
focal length was used to provide a smaller beam diameter in
the medium.
VI. DRAG OF GRATINGS

Many interesting and important for applications phenomena are realized due to the action of interfering light
beams on nonlinear materials.17,18 These phenomena have
been extensively studied, particularly, for orientational interaction of light with NLC.9,10 It is therefore natural to extend
our discussion to the effect of transverse motion on the characteristics of orientational interaction of interfering light
beams with NLC.
Suppose the intensity of radiation in the medium is
modulated due to the interference of two waves of equal
frequency and amplitude: I q 52I cos(q8x8) where x 8 and q 8
are the dimensionless wave vector of modulation and the

cos@ q 8 ~ x 8 2 v 8 t 8 ! 1 b #

A~ 11q 8 2 ! 2 1 ~ q 8 v 8 ! 2

,

~6!

where b 5tan21@q8v8/(11q82)# is the phase shift between the
pattern of the wave’s interference and the orientation of the
director. Such a phase shift is a precondition of effective
energy exchange between two waves.17,18 For a given speed
of motion, maximal phase shift is achieved at q 8 51 which
corresponds to the spatial period L52L of the interference
pattern. The phase shift asymptotically reaches p /2 at the
limit of large speeds where the amplitude of modulation is
small.
VII. TRANSVERSE OSCILLATIONS

To reveal the most essential consequences of transverse
oscillations, let us consider a material that shows spatially
local response to the influence of the light beam. The variations of the refractive index due to variations of material
parameters are determined then by the standard equation

] d n/ ] t52 d n/ t 1n 2 I ~ x,y,z ! ,

~7!

where n 2 describes the strength of the nonlinearity.
A Gaussian beam oscillating around an equilibrium position along the x axis with frequency V can be represented
as I(x,y,z)5I 0 exp@2(x2x0 cos Vt)22y2#, where x, x 0 , and
y are normalized to the radius of the beam w. Let us now
assume a small amplitude of oscillations relative to the beam
waist radius, x 0 !1. Then the solution of Eq. ~7!, in the limit
t@ t , consists of a time-independent part

d n 0 5 t n 2 I 0 exp@ 2 ~ x 2 1y 2 !# I 0 ~ 2xx 0 ! ,

~8!

and an oscillating part which can be represented as

d n k 52n 2 I 0 exp@ 2 ~ x 2 1y 2 !# SI k ~ 2xx 0 !~ t 22 1V 2 ! 21/2
3sin~ kVt1 b k ! .

FIG. 8. The number of fringes N vs the speed of transverse motion v for the
threshold interaction of the light with the NLC at different power levels. The
inset shows the geometry of interaction. The lines are for guiding the eyes.
J. Appl. Phys., Vol. 83, No. 1, 1 January 1998

~9!

The phases b k are determined by the formula tan bk
51/V t .
The function I 0 behaves like I 0 (z);11z 2 /4 for small z.
Thus the oscillations lead to the increase of the width of the
spatial distribution of the refractive index, and its effective
waist radius becomes w e 5w/(12x 20 ) 1/2. This possibility to
control the radius of modulation of material parameters and,
hence, the nonlinear phase of the beam is very important,
since the intensity on the axis of the beam during its propagation is essentially determined by the ratio of w c to w. 19,20
In certain situations, it may become advantageous to register
the oscillatory part of the modulations. Particularly, this may
lead to an improvement in the signal to noise ratio by synchronized detection of the signal.
Tabiryan, Nersisyan, and Warenghem
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VIII. DISCUSSION

Comparison of the experiment and the theory: Using numerical calculations and assuming N; u v , let us compare
the predictions of the expression ~4! with the experimentally
obtained dependence of N on the speed of motion. The result
is shown in Fig. 4~b!. Dots represent experimental results;
the solid line is obtained by calculations with the aid of Eq.
~4!, using the experimental parameter values w544 and L
550 m m. The dashed line corresponds to the results of the
qualitative approach. The theoretical curves are normalized
to get N511 and N56 fringes at v 50.
As one can see from Fig. 4~b!, the agreement between
the theory and the experiment is fairly good given the accuracy of the employed measurement method and the assumptions made in the theory. In particular, for light intensities of
the order of several kW/cm2, the parameter j is close to 1,
and Eq. ~3! and Eq. ~4! are no longer accurate.
The theory predicts higher values than observed experimentally under conditions of high speeds of motion. The
main reason for such a discrepancy seems to be the longitudinal displacement of the NLC cell along the focal region
due to the tilt of the cell in the experimental situation. Such
a displacement results in a lower power density and, hence,
smaller reorientation of NLC.
As shown in Fig. 4~b!, a very good fit of experimental
results is also obtained with the aid of the qualitative approach presented in Chap. 2. For low intensity of radiation as
well as for high speed of motion, the departure of the experimental observations from the behavior predicted by the
qualitative theory becomes evident reflecting the circumstance that the diffusion effects in the transport of perturbations are important in those conditions.
The theoretical plot of u vs v according to Eq. ~4! reveals a sudden change in the slope of reorientation at a particular speed of motion v ;5 m m/s. This region of the curve
is plotted in Fig. 9. It can be attributed to the existence of
two different mechanisms that determine the dependence of
the NLC reorientation on the speed of translation. Namely, in
case of slow motions, the spatial diffusion of reorientation is
the dominant relaxation process while, in the case of fast
motions, the reorientation is essentially nonequilibrium, and
its magnitude is determined by the transit time during which
the particular region of the NLC is affected by the beam.
This characteristic speed can be evaluated as v ;2w/ t
;7 m m/s in good agreement with the value found from Fig.
9. In the experiment, however, this ‘‘change of scenario’’ is
less evident due to, probably, the accuracy of registration
method and the masking effect of longitudinal displacement.
We also checked that the universality of the dependence of
the NLC-reorientation magnitude on the speed, predicted by
the expression ~4!, is fulfilled within the experimental accuracy.
One ring accuracy ensures D u min /us5DN/Ns50.1 and,
hence, (D v ) min;1 m m/s. The sensitivity to the motion when
the initial stationary state is the state of rest is v min
;2v0 /ln(Du/us);v0;10 m m/s. Evaluation of the slope at the
optimum speed v 0 gives u DN/D v u 50.5N s t /w;0.025N s
which is in reasonable agreement with the experimentally
6
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FIG. 9. Theoretical modeling of the magnitude of the NLC reorientation on
the speed of motion provides an evidence of the existence of different processes that contribute to the nonlinear interaction of light with a moving
medium.

obtained DN/D v 520.2( m m/s) 21 for N s 511 ( P
5722 mW).
At normal incidence of the beam upon a homeotropically
oriented cell, the reorientation of the director is usually a
phase transition of a second order and is therefore characterized by critically enhanced relaxation time: t OFT5 t /(I/I F
21). This leads to critical enhancement of sensitivity near
the threshold of optically induced reorientation of NLC,
v min;v0(Du/us)(I/IF21).
Let us also evaluate the shift between the beam axis and
the director distribution that results from the motion and is
due to the temporally nonlocal response of the material to the
influence of the light beam. As mentioned above, this shift is
the key process that leads to the changes revealed in the light
beam. One can evaluate this shift as the distance crossed due
to the relative transverse motion of the beam and the material
during the response time of the material: d ; v t . Taking into
account that t ;6 s, we get d ;6 m m for v 51 m m/s.
Rotational motion: Consider a disk of nonlinear optical
medium rotating around its axis with a frequency V. Then
the linear velocity in the place of incidence of the laser beam
is v 5VR, where R is the radius of the disk. The sensitivity
to the rotation frequency is V min;vmin /R;1024 s21 for the
numbers taken from our experiment v min51 m m/s, R
51 cm.
The pattern of arcs: Figure 10 represents modeling of
the self-phase modulation pattern with the aid of a shift between the beam axis and the position of the maximal phase
modulation:
E}exp@ 2 ~ x 2 1y 2 ! 1iF # ,

F5F 0 exp@ 2 ~ x2h ! 2 2y 2 # ,
~10!

where h is the transverse shift; x and y are the transverse
coordinates in units of L/ p . The particular picture, Fig. 10,
is obtained by propagating the wave in the far field zone
assuming h50.5 and F 0 58 p . We find that our model describes satisfactorily the general features of the observed patterns. The quantitative features of the pattern depend, in a
complex manner, on both, the magnitude of F 0 , h and the
profile of the NLC reorientation. Formation of the pattern of
arcs has to be accompanied by the deflection of its center due
Tabiryan, Nersisyan, and Warenghem

chemical systems. The phenomenon may have interesting
implications for interaction of beams of other origin ~acoustic, etc.! with matter.
ACKNOWLEDGMENTS

FIG. 10. Modeling the pattern of arcs.

to the asymmetric self-phase modulation.3,7,21 An evidence
of such a deflection was observed in the experiment, however, we have not yet characterized it quantitatively.
IX. SUMMARY

The phenomenon under discussion is not only of fundamental interest but also has large application potential. It can
be applied to visualization and registration of slow motions,
to power and intensity measurements of laser beams as well
as to measurements of nonlinear optical properties of materials along with the well-known z-scan method22 where the
nonlinear material is being translated along the direction of
beam propagation.
Actually we deal with a new principle of laser velocimetry which has fundamental advantages compared to conventional Doppler-effect based methods. First, the speed of motion can be measured for optically transparent materials
~Doppler-based systems require radiation reflection or scattering!. Second, the direction of motion can be transverse to
the radiation propagation direction and, third, the spatial localization can be extremely high. We anticipate thus large
applications in different areas of research ~physics, chemistry, biology, etc.! and industry ~sensors and radar systems for
gas and liquid flow in complex confinements, etc.!.
The motion-induced shift between the pattern of the refractive index modulation and the profile of the light intensity can be explored in the recording of gratings that are
shifted with respect to the interference pattern of the beams
and, therefore, can ensure effective energy exchange between light beams.
Note that, besides LC, there are other very important
classes of materials with large and relatively slow nonlinearity such as photorefractive crystals, polymers, biological, and
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